INTRODUCTION
============

Interleukin (IL)-33 is a member of the proinflammatory cytokine IL-1 superfamily \[[@b1-inj-1632578-289]\]. IL-33 receptor (ST2 or orphan receptor) is expressed on epithelial and endothelial cells \[[@b2-inj-1632578-289]\]. Binding of IL-33 to ST2 induces inflammatory response via activation of downstream signaling cascades---the nuclear factor-kappa B (NF-κB) and mitogen-activated protein (MAP) kinase pathways \[[@b3-inj-1632578-289]\]. The enzymatic cleavage sites for caspases 3 and 7, and calpain in IL-33 are located within its cytokine domain, and during apoptosis, cleavage products of IL-33 are rendered biologically inactive \[[@b4-inj-1632578-289]\]. On the other hand, the intact IL-33 is released in necrotic cell death, which binds to ST2, and activates NF-κB and MAP kinase pathway; this suggests that IL-33 could function as an 'alarmin' \[[@b5-inj-1632578-289]\].

The lumens of renal tubules are composed of epithelial cells, and hence, it is reasonable to expect that IL-33 and renal tissue injury are associated. Several researchers have suggested that serum IL-33 levels and the severities of chronic renal disorders are interrelated \[[@b6-inj-1632578-289],[@b7-inj-1632578-289]\]. However, a detailed review of literature showed that the effect of blocking IL-33 in the clinical course of acute kidney injury (AKI) has not been previously examined.

Therefore, in the present study, we aim to evaluate the effect of anti-IL-33 in an ovalbumin (OVA)-induced model of AKI. Our first step was to set up an OVA-induced AKI model in mice. Several murine models of AKI have been developed previously: AKI can be induced by the 'ischemia-reperfusion injury' model that involves clamping renal pedicles for about 35 minutes \[[@b8-inj-1632578-289]\], or by the 'cisplatin-induced AKI' model in which cisplatin is injected intraperitoneally (i.p.) \[[@b7-inj-1632578-289]\]. However, these models cause severe kidney injury and are representative of specific conditions such as ischemia-reperfusion or chemical injury. A recent study has also proposed that allergic and renal disorders are related \[[@b9-inj-1632578-289]\]. In this study, we induced a mild form of AKI by OVA i.p. and intranasally (i.n.) instillation.

Blood urea nitrogen (BUN) and creatinine are traditional markers for renal injury, but have low sensitivity to AKI \[[@b10-inj-1632578-289]\]. *Kim-1* was found to be a potentially useful marker for AKI \[[@b11-inj-1632578-289]\]. cyclooxygenase-2 (COX-2) is expressed at low baseline levels in the renal parenchyma under normal conditions. However, in response to inflammation and AKI, there is increased induction of COX-2 \[[@b12-inj-1632578-289],[@b13-inj-1632578-289]\]. Furthermore, COX-2-deficient mice have an increased tendency to develop AKI \[[@b14-inj-1632578-289]\]. Likewise, cisplatin-induced AKI can activate AMP-activated protein kinase (AMPK), and inhibition of AMPK can lead to repressed autophagy and eventually, further DNA damage \[[@b15-inj-1632578-289]\]. After successful induction of AKI by OVA challenge, we evaluated these markers and the expression levels of the mRNAs and proteins of *Kim-1*, and of COX-2, nitric oxide synthase (iNOS), phosphorylated endothelial NOS (p-eNOS), and phosphorylated AMPK (p-AMPK) in the renal parenchyma.

MATERIALS AND METHODS
=====================

Animals
-------

Twenty-four 8- to 10-week-old female BALB/c mice, free of murine-specific pathogens, were purchased from Orient Bio (Seongnam, Korea). The mice were raised in a specific pathogen-free environment with unrestricted access to OVA-free food and water under a 12-hour light/dark cycle. All mice used in this study were handled in accordance with a protocol approved by Inha University Institutional Animal Care and Use Committee (approval number. INHA 130404-201).

Sensitization and Antigen Challenge
-----------------------------------

To induce allergic rhinitis, the mice were sensitized and subjected to antigen challenge as previously described, with slight modification to the procedure \[[@b16-inj-1632578-289],[@b17-inj-1632578-289]\]. Briefly, mice were sensitized with an intraperitoneal injection of OVA (40 μg/kg; Sigma-Aldrich, St. Louis, MO, USA), diluted in sterile saline containing alum adjuvant (40 mg/kg) on experimental days (EDs) 1, 5, 14, and 21. Mice were subjected to daily intranasal challenge with OVA (20 μL of 25 mg/mL OVA per mouse) from ED 22 to ED 35.

For blocking experiments, we used antimouse anti-IL-33 antibody (Mouse IL-33 specific IgG), produced in goats, and immunized with purified *Escherichia coli*-derived recombinant mature mouse IL-33 (R&D Systems, Minneapolis, MN, USA). Anti-IL-33 antibody (3.6 μg/mouse) was injected i.p., 30 minutes before every OVA sensitization and intranasal challenge (a total of 18 times). For null treatment controls, 6 OVA-challenged mice received the same amount of control IgG i.p. (R&D Systems). In group A (n=6, control group), mice were sensitized and challenged i.p. and i.n. with sterile saline. Mice in group B (n =6, allergic group) were subjected to i.p. and i.n. OVA challenges. In group C (n=6, null treatment group), control IgG was injected i.p. before OVA challenge. Finally, in group D (n=6, anti-IL-33 group), animals were pretreated i.p. with anti-IL-33 antibody before every OVA challenge.

Serum Collection, and BUN and Creatinine Measurement
----------------------------------------------------

Twenty-four hours after the last OVA challenge on ED 36, all mice were sacrificed by cervical dislocation and serum samples were obtained by aortic puncture. Serum BUN and creatinine levels were measured using commercially available kits (Teco Diagnostics, Anaheim, CA, USA) and an auto-analyzer (model 99 M chemistry analyzer, Medispec, Palm City, FL, USA).

RNA Extraction and cDNA Synthesis
---------------------------------

Total RNA was extracted using TRI Reagent (Sigma-Aldrich Korea, Yongin, Korea), according to the manufacturer's instructions, and then resuspended in diethyl pyrocarbonate water. Final RNA amounts were determined spectrophotometrically at 260/280 nm. RNA quality was assessed by the presence of the 18S and 28S band smears, analyzed using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). RNA samples were stored at --70°C until required. cDNAs were synthesized from 2 μg of total RNA, with SuperScript II RNase H reverse transcriptase (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions.

Real-Time Polymerase Chain Reaction
-----------------------------------

Real-time quantitative polymerase chain reaction (PCR) was performed in the ABI Prism 7900 Sequence Detection System (PE Applied Biosystems, Foster City, CA, USA), in white 384-well plates (ABgene, Hamburg, Germany), which provided 3-fold intensification of fluorescent signals. The system operates using a thermal cycler and a laser that is directed to each of the 384 sample wells. Emission from each sample was collected by a charge-coupled device camera, and data were analyzed using Sequence Detection System software (SDS ver. 2.2, PE Applied Biosystems).

Reaction mixtures contained 375 nmol/L of each primer and 2X SYBR Green PCR Master Mix (PE Applied Biosystems), which included HotStarTaq DNA-Polymerase in an optimized buffer, dNTP mix (containing dUTP as additive), SYBR Green I fluorescent dye, and ROX dye (for passive reference). Each of the 384-well real-time quantitative PCR plates contained 5 μg of cDNA. Primers were amplified using the same conditions. The primers sequences are as follows: for GAPDH, forward 5ʹ-TGGC ACAGTCAAGGCTGAGA-3ʹ and reverse 5ʹ-CTTTGAGTGGC AGTGATGG-3ʹ; for *Kim-1*, forward 5'-ATGCCCATCTTCT GCTTGTCA-3ʹ and reverse 5ʹ-CCTTGTAGTTGTGGGTC TTGT-3ʹ. Thermal cycling conditions were 50°C for 2 minutes and 95°C for 10 minutes followed by 40 cycles of 95°C for 30 seconds, 60°C for 30 seconds, and 72°C for 30 seconds.

Western Blot Analysis
---------------------

Kidney tissues (left whole kidneys) were homogenized in lysis buffer (320mM sucrose, 200mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1mM ethylenediaminetetraacetic acid, pH 7.2), protease inhibitor cocktail (Sigma-Aldrich Korea), and phosphatase inhibitor cocktail (Sigma-Aldrich Korea), using a Teflon homogenizer. Cellular debris was removed from homogenates by centrifuging at 3,000 rpm at 4°C for 10 minutes. Total protein contents were determined using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA). Proteins were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (10μg) and transferred onto polyvinylidene difluoride membranes in a transfer buffer containing 250mM Tris-HCl, 4% SDS, 40% glycerol, 0.02% bromophenol blue, and 20% 1,4-dithiothreitol. Membranes were then blocked with 5% bovine serum albumin in Tris-buffered saline containing 0.1% Tween-20 for 1 hour, incubated with specific primary antibodies for 24 hours, and then incubated with goat antirabbit (1:5,000, Thermo Fisher Scientific), rabbit antigoat (1:5,000, Invitrogen), or goat antimouse (1:10,000, Thermo Fisher Scientific) IgG HRP secondary antibodies. Immunoreactive bands were visualized using an enhanced chemiluminescence kit (Thermo Fisher Scientific), and analyzed using Bio-1D software (SIM International Group, Newark, DE, USA).

Statistical Analyses
--------------------

The Kruskal-Wallis and Mann-Whitney U-tests were performed to determine statistically significant differences between the groups. We used IBM SPSS Statistics ver. 19.0 (IBM Co., Armonk, NY, USA) for the statistical analyses; P-values\<0.05 were considered significant.

RESULTS
=======

Anti-Allergic Effect of Anti-IL-33 on a Mouse Model of Allergic Rhinitis
------------------------------------------------------------------------

Several parameters were analyzed to study the effect of anti-IL-33: nose-scratching behavior, serum total and OVA-specific IgE, number of inflammatory cells (eosinophils, neutrophils, and lymphocytes), and Th2 cytokine (IL-4, IL-5, and IL-13) titers in bronchoalveolar lavage fluid. Mice in group B (the allergic group, intraperitoneal and intranasal OVA challenge) showed a significant increase in all the parameters versus group A (control group, sensitized and challenged with saline only). Mice in group C (null treatment group) showed no improvement in these parameters after the i.p. administration of control IgG. After anti-IL-33 treatment, mice in group D (anti-IL-33 group) exhibited significant improvements in all parameters. Our findings in this study are similar to results in our previous studies \[[@b16-inj-1632578-289],[@b18-inj-1632578-289]\].

Changes in Serum BUN and Creatinine Levels
------------------------------------------

As illustrated in [Fig. 1](#f1-inj-1632578-289){ref-type="fig"}, after induction of allergic rhinitis with OVA, groups B and C showed no significant increases in serum BUN and creatinine levels as compared to group A (P\>0.05). After treatment with anti-IL-33, mice in group D also showed no significant change in serum BUN and creatinine levels (P\>0.05).

Expression of KIM-1 Protein in Renal Tissue
-------------------------------------------

After the induction of allergic rhinitis with OVA, mice in group B showed significant increases in KIM-1 protein levels in renal tissues versus group A (P\<0.001), as shown in [Fig. 2](#f2-inj-1632578-289){ref-type="fig"}. The null treatment group C showed no significant change in KIM-1 protein levels versus group B. After IL-33 treatment, mice in group D showed significantly lower KIM-1 levels than mice in group B (P\<0.05) ([Fig. 2](#f2-inj-1632578-289){ref-type="fig"}).

Expression of Kim-1 mRNA in Renal Tissue
----------------------------------------

The *Kim-1* expression levels in renal tissues in the 4 groups are shown in [Fig. 3](#f3-inj-1632578-289){ref-type="fig"}. *Kim-1* expression levels were significantly higher in group B than group A (P\<0.001). There was no significant difference in *Kim-1* expression levels between groups B and C. However, the *Kim-1* expression levels in group D were significantly lower than group B (P\<0.01).

Protein Expressions of COX-2 and iNOS in Renal Tissue
-----------------------------------------------------

Groups B and C expressed COX-2 protein in renal tissues at significantly higher levels than group A, and group D expressed COX-2 protein at significantly lower levels compared to groups B and C (P\<0.05) ([Fig. 4](#f4-inj-1632578-289){ref-type="fig"}). No significant intergroup difference was observed for iNOS expression, although levels tended to be lower in group D ([Fig. 4](#f4-inj-1632578-289){ref-type="fig"}).

Changes in the Levels of Proteins Involved in Renal Hemodynamics
----------------------------------------------------------------

Group B expressed significantly lesser ^1177Ser^p-eNOS (expression and activity of e-NOS) and ^172Thr^p-AMPK (upstream kinase of eNOS) than group A. Group D showed modest recovery of ^1177Ser^p-eNOS and ^172Thr^p-AMPK expression ([Fig. 5](#f5-inj-1632578-289){ref-type="fig"}).

DISCUSSION
==========

IL-33 is a type of 'alarmin', and is released in its intact, active form from injured epithelial or endothelial cells. Thus, IL-33 could be involved in inflammatory response in any organ with an epithelial or endothelial lining. Reports indicate that IL-33 could also be involved in the pathophysiology of AKI. Akcay et al. \[[@b7-inj-1632578-289]\] reported that IL-33 was significantly increased in mice with cisplatin-induced AKI, and suggested that soluble ST2 (sST2, a decoy receptor of IL-33) has a protective effect, as demonstrated by reduced numbers of CD4+ T lymphocytes, tubular necrosis, and apoptosis. Bao et al. \[[@b6-inj-1632578-289]\] found that sST2 was significantly increased in the serum of patients with chronic kidney disorders, and that its concentration was significantly correlated with disease severity. Furthermore, the prevalence of acute or chronic renal diseases has been reported to be significantly greater in individuals with allergic diseases \[[@b19-inj-1632578-289]\]. However, the effect of anti-IL-33 on renal injury has not been analyzed in detail. To the best of our knowledge, this is the first study to evaluate the protective effect of anti-IL-33 in a murine model of AKI.

Han et al. \[[@b11-inj-1632578-289]\] had earlier reported that *Kim-1* could be a useful marker for renal proximal tubular injury in patients with acute renal tubular injury. We designed this study to extend this clinical efficacy of *Kim-1* to an 'experimentally induced' murine model of AKI as well. In the present study, the mice showed no significant changes in serum BUN and creatinine levels after OVA challenge. Nevertheless, KIM-1 protein expression was significantly increased by OVA challenge. After AKI induction, systemic release of KIM-1 protein by tubular epithelial cells has been reported to increase significantly \[[@b20-inj-1632578-289],[@b21-inj-1632578-289]\], which suggested that *Kim-1* might be a clinically useful biomarker for the diagnosis and evaluation of AKI \[[@b20-inj-1632578-289]-[@b22-inj-1632578-289]\]. In this study, significant increases in *Kim-1* levels in renal parenchyma further support its potential use as a sensitive biomarker of early stage AKI.

Mice in group D (the anti-IL-33 group) expressed significantly lesser *Kim-1* than mice in groups B and C. IL-33 is released from injured epithelial cells in its active form, and binds to ST2 receptor on nearby epithelial cells to increase pro-inflammatory cytokine production, and thus, exacerbate AKI \[[@b11-inj-1632578-289],[@b17-inj-1632578-289]\]. On the other hand, anti-IL-33 to IL-33 binding could competitively inhibit ST2 receptor binding of IL-33, reduce renal injury, reduce *Kim-1* levels.

COX-2 expression was significantly higher in groups B and C and lower in group D as compared to group A, which concurs with our previous findings \[[@b23-inj-1632578-289]\]. COX-2 inhibition has an antiallergic effect via the downregulation of prostaglandin D2 \[[@b24-inj-1632578-289]\], and thus, the antiallergic effect of anti-IL-33 might also be related to COX-2 inhibition. On the other hand, iNOS protein levels were not significantly different between the four groups, although it tended to be lower in group D. In our previous study on mice with allergic asthma, iNOS protein expression was significantly higher in mice with allergic asthma and this increase was effectively suppressed by treating lung tissues with anti-IL-33 \[[@b25-inj-1632578-289]\]. However, the role of iNOS and nitric oxide in the glomerulus have been extensively debated. Some researchers suggest that nitric oxide and reactive nitrogen species are associated with apoptotic and necrotic death in mesangial cells \[[@b26-inj-1632578-289],[@b27-inj-1632578-289]\]. However, others argue that peroxynitrite and nitrosative stress had only minimal toxic effect on mesangial cells. Instead, iNOS inhibition caused fibronectin deposition, proteinuria, and hypercellularity \[[@b28-inj-1632578-289],[@b29-inj-1632578-289]\]. We believe iNOS plays a pivotal role in allergic inflammation of lung, but its role in AKI is limited.

AMPK can sense and regulate cellular energy homeostasis as well as regulates neuronal survival \[[@b30-inj-1632578-289]\]. However, no study has specifically addressed the role of AMPK in allergic inflammation. According to Hwang et al. \[[@b31-inj-1632578-289]\], AMPK-knockout mice exhibited increased the high-affinity receptor for IgE (FcεRI) -mediated mast cell activation and anaphylaxis. When metformin (an AMPK activator) was given to obese mice with allergic rhinitis for the treatment of insulin resistance, the mice showed significantly less eosinophilic infiltration and fewer inflammatory cells in bronchoalveolar lavage fluid \[[@b32-inj-1632578-289]\]. On the other hand, in a mouse model of OVA-induced asthma, transgenic mice overexpressing eNOS showed significantly lower interferon-γ, IL-5 and IL-10 titers, fewer eosinophils and lymphocytes in bronchoalveolar lavage fluid, and less hyperresponsiveness to methacholine than wild type mice \[[@b33-inj-1632578-289]\]. eNOS-overexpressing transgenic mice also showed less eosinophilic accumulation and lower responsiveness to acetylcholine challenge and eotaxin \[[@b34-inj-1632578-289]\]. However, in the present study, eNOS expression did not change significantly after treatment with anti-IL-33. Therefore, it is possible that the protective effect of anti-IL-33 against AKI is independent of AMPK and eNOS.

One limitation to the present study is that histopathological analysis of renal parenchyma was not conducted. Although it is likely that histological changes were minimal, this aspect should be confirmed by further studies. Binding of IL-33 to ST2 increases production of proinflammatory cytokines. On the other hand, reduced expression of COX-2 due to anti-IL-33 treatment could downregulate prostaglandin D2. Evaluation of ST2 expression and D2 levels could yield meaningful data. Also, measurement of serum IL-33 and correlating its levels with *Kim-1* and COX-2 expression levels in renal parenchyma, would further validate our conclusions. Furthermore, immunohistochemical staining for *Kim-1* in renal parenchyma can provide useful information. Beta 2-microglobulin is known to have higher sensitivity to and specificity for AKI, and its evaluation would contribute important information in follow-up studies. Therefore, we intend to conduct studies with a larger sample size of mice to address these aspects and improve our understanding of the effect of anti-IL-33 on renal injury.

In conclusion, *Kim-1* could be a useful marker for detecting early-stage renal injury in mouse models of OVA-induced AKI. Furthermore, our findings indicate that anti-IL-33 administration has a beneficial effect on mouse models of OVA-induced AKI.
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![Serum blood urea nitrogen (BUN) and creatinine levels. After inducing allergic rhinitis with ovalbumin (OVA), groups B (allergic group), C (null treatment group), and D (anti-IL-33 group) showed no significant increase in serum BUN and creatinine levels vs. group A (control group). CON, control; AR, allergic rhinitis; IL, interleukin. Kruskal-Wallis and Mann-Whitney U-test.](inj-1632578-289f1){#f1-inj-1632578-289}

![Expression of kidney injury molecule-1 (KIM-1) protein in renal parenchyma. After ovalbumin challenge, mice in groups B (allergic group) and C (null treatment group) showed significant upregulation of KIM-1 protein expression. However, group D (antiIL-33 group) had significant lower KIM-1 protein levels than groups B and C. CON, control; AR, allergic rhinitis; IL, interleukin. Kruskal-Wallis and Mann-Whitney U-test, \*P\<0.05. \*\*\*P\<0.001.](inj-1632578-289f2){#f2-inj-1632578-289}

![Gene expression of *Kim-1* mRNA in renal parenchyma. Mice in groups B (allergic group) and C (null treatment group) expressed significantly increased Kim-1 mRNA levels in renal tissues than mice in group A (control group) (P\<0.001). However, mice in group D (anti-IL-33 group) expressed significantly lower *Kim-1* mRNA levels than those in groups B and C (P\<0.01). CON, control; AR, allergic rhinitis; IL, interleukin. Kruskal-Wallis and Mann-Whitney U-test. \*\*P\<0.01. \*\*\*P\<0.001.](inj-1632578-289f3){#f3-inj-1632578-289}

![Protein expressions of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) in renal parenchyma. Mice in groups B (allergic group) and C (null treatment group) expressed significantly higher COX-2 levels in renal tissues than mice in group A (control group), but mice in group D (anti-IL-33 group) expressed significantly lower COX-2 levels than mice in groups B and C (P\<0.05). Group iNOS protein levels showed no significant difference, although levels tended to be lower in group D (P\>0.05). Kruskal-Wallis and Mann-Whitney U-test. CON, control; AR, allergic rhinitis; IL, interleukin.](inj-1632578-289f4){#f4-inj-1632578-289}

![Changes in the expressions of ^1177Ser^p-eNOS and ^172Thr^p-AMPK in renal parenchyma. Group D (anti-IL-33 group) showed modest recovery of ^1177Ser^p-eNOS and ^172Thr^p-AMPK expression as compared with groups B (allergic group) and C (null treatment group). Kruskal-Wallis and Mann-Whitney U-test. CON, control; AR, allergic rhinitis; IL, interleukin; p-eNOS, phosphorylated endothelial nitric oxide synthase; p-AMPK, phosphorylated AMP kinase.](inj-1632578-289f5){#f5-inj-1632578-289}
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